) or age at onset plus disease duration (LOD score 5.63; ) were included in the P p .000002 P p .000006 linkage model. We conclude that the APP locus may predispose to AD in the very elderly.
In this report, we revisit the data collected by the NIMH AD Genetics Initiative (see the Alzheimer Disease Genetics Initiative Data Archive web site) and analyze the chromosome 21 data by using a covariate-based method of ASP linkage analysis previously proposed by Goddard et al. (2001) . Specifically, we examine the roles of age at onset (AAO), age at last examination or death, degree of dementia, sex, and ApoE genotype in linkage to chromosome 21. By including covariates in a linkage analysis, one allows for locus heterogeneity due to those covariates and thereby can discover linkage evidence that might otherwise be obscured. In the present report, we show that reanalysis of the NIMH AD data by a covariate-based linkage model provides convincing evidence that the APP locus plays a role in late-onset AD.
The collection, characterization, and genotyping of AD-affected sibships by the NIMH AD Genetics Initiative (see the Alzheimer Disease Genetics Initiative Data Archive web site) have been described elsewhere (Blacker et al. 1997) . We restricted our analysis to 252 ASPs who had onset at age у60 years and on whom there were complete data for the following variables: AAO (considered to be the age at which the first symptoms were present), current age (considered to be the age at either the most recent examination [33%] or death [67%]), sex, ApoE genotype, and degree of clinical dementia at the time of examination (Hughes et al. 1982) . The lower bound on AAO was imposed to eliminate the possible effect that outliers might have on the linkage analysis; only four ASPs were removed for this reason. For AAO, current age, disease duration (current age minus AAO), and degree of dementia, the covariate included in the linkage analysis was the sum of the values for the two individuals. For sex, we counted the number of females in the ASP. For ApoE genotype, we considered two covariates: (1) the total number of E4 alleles in the ASP and (2) the total number of E2 alleles in the ASP.
To allow for covariate-related locus heterogeneity, we applied a covariate-based ASP LOD-score method (Goddard et al. 2001) to the genotype data for chromosome 21. The model is a one-parameter modification of the conditional logistic parameterization of the ASP LOD score, a parameterization introduced by Olson (1999) . An optimal mode-of-inheritance parameter (Whittemore and Tu 1998) is specified that allows one to fit only a single additional parameter per covariate. In terms of offspring recurrence-risk ratio, conditional on K covariates, x k , the model is parameterized as ; in terms of the recur-
This model has been implemented in the S.A.G.E. program LODPAL (see The Human Genetic Analysis Resource web site). To simplify specification of constraints on parameter estimates, all covariates are centered around their sample mean before being included within the linkage model; asymptotic distributions of the resulting likelihood-ratio tests were used to obtain P values (see Goddard et al 2001) . Covariate-specific sibling recurrence-risk ratios can be obtained by the expression .
In this report, we describe as "LOD" scores the likelihood-ratio statistics (LRSs) divided by 4.605 (i.e., 2log e 10). Critical values for the LRSs were obtained as follows. The distribution of the LRS for the basic oneparameter model is a 50:50 mixture of a point mass at 0 and a x 2 distribution with 1 df. Addition of K covariates gives an LRS with a distribution that is a 50:50 mixture of a x 2 with K df and a x 2 with df. The K ϩ 1 LRS difference between nested models that differ by J covariates has a x 2 distribution with J df. One can therefore test both the significance of the contribution of a covariate and the overall evidence for linkage.
Multipoint identity-by-descent values were computed at 2-cM intervals throughout chromosome 21, with use of all markers available from the genome scan. In this report, we describe results at the approximate location of the APP locus (2 cM proximal to D21S1435). It is necessary, when testing the significance of covariates, to compare models at the same chromosomal location; our peak LOD scores all occurred either at or close to (i.e., р4 cM from) this location. Table 1 contains descriptive statistics of the variables used to construct covariates for the linkage analysis. In the model, the covariates were included as the sum of the values for the two individuals constituting each ASP; table 1 also includes the means and SDs for these covariates, as well as those for the original variables. Table 2 contains the LOD scores at the APP locus. The baseline LOD score, with no covariates, has a value of only 0.02, showing no evidence of linkage. The LOD score increases to 1.13 when E4 is added. These results are consistent with what Wavrant-DeVrieze et al. (1999) found by using these data; ASPs without E4 alleles show the most evidence of linkage to the APP locus. The addition of E2 to the model is nonsignificant (i.e., a 0.30 increase in LOD score), possibly, at least in part, because E2 is relatively rare both in the population in general and in patients with AD (see table 1). However, it is instructive to consider the fitted sibling recurrence-risk ratios for this model, which show that the risk is lowest in ASPs with four E4 alleles ( ), moderate in l p 0.71 S ASPs with four E3 alleles ( ), and highest in l p 1.32
S ASPs with two E2 and two E3 alleles (
). No l p 3.26 S ASP in this data set had more than two E2 alleles.
The most significant covariates were those that measured age. Inclusion of AAO increases the LOD score to 2.27, and (separate) inclusion of current age increases the LOD score to 5.54; the effects of both covariates were highly significant. Current duration of disease (current age minus AAO) shows little effect when included separately but greatly increases the LOD score (to 5.63) when included along with AAO. The signs of the covariate parameters indicate that "linked" ASPs tend to be those with the latest AAO and longest disease duration, or, almost equivalently, the oldest current age.
The model with current age alone is the most parsimonious and may be most useful for identification and/ or ascertainment of ASPs most likely to be useful in further studies of the role of APP in late-onset AD, particularly in searches for predisposing polymorphisms. In table 3 we provide sibling recurrence-risk ratios for some values of current age; these results suggest that future searches for relevant APP polymorphisms should focus on affected individuals in their late 80s and older. In table 1 we also provide mean total current ages of ASPs, by number of E4 alleles. Current age decreases with increasing number of E4 alleles; individual patients in ASPs with no E4 alleles are, on average, ∼10 years older than those in ASPs with four E4 alleles.
To ensure that our result for the APP locus was not the result of strong influence from a small number of sib pairs, we obtained the ASP-specific LOD-score contributions (a new feature of LODPAL) for the model with AAO and disease duration. Sixty-eight ASPs had LOD-score contributions 10.1, and 104 had LOD-score contributions 10.1 in absolute value; the range was Ϫ0.76 to 0.55. We remaximized the LOD-score function after eliminating the five ASPs whose contribution to the LOD score was 10.4 in absolute value. The resulting LOD score, 5.02, although reduced in magnitude, remains highly significant.
We have shown that the APP locus on chromosome 21 is strongly linked to AD if AAO plus disease duration or current age alone are included as covariates in the linkage model. The most parsimonious model includes only current age; the longest-lived affected individuals are most likely to have linkage to the APP region. In addition, the model with AAO plus disease duration suggests that ASPs susceptible to the detrimental effects of mutations in the APP region are those with very late onset who survive longer with the disease. It may be that this form of AD is characterized by both very late onset and slower disease progression, but, because the three variables are linearly related, we cannot statistically determine which of the two models best represents the primary features. Our results are also consistent with (a) Kehoe et al.'s (1999) and Wavrant-DeVrieze et al.'s (1999) findings that these ASPs have fewer ApoE4 alleles than do the rest of the sample and (b) Blacker et al.'s (1997) results, based on the same data, suggesting that ApoE4 exerts its maximal effect at age !70 years.
The absence of E4 alleles in these individuals may not represent an interaction at the biological level. Because these mutations in the APP region do not confer susceptibility until very late in life, most individuals with E4 alleles may have either died or at least fallen ill with E4-type AD prior to the age when these mutations become penetrant. In addition, these individuals appear to survive longer with the disease, suggesting a slower disease progression.
These results also demonstrate the usefulness of covariate-based linkage methods for both detection of linkage in the presence of locus heterogeneity and identification of which subgroups of families have linkage to which loci. In this report, we not only have established strong evidence of linkage and age-related locus heterogeneity but also have provided useful recommendations for sample selection or subselection in future research. Specifically, studies of the role that APP-region mutations play in late-onset AD should concentrate on the extremely elderly, particularly those with later AAO who have survived longer than average and, perhaps incidentally, have few E4 alleles. As have Goddard et al. (2001) , we note that the ability to include covariates increases the overall probability of type I errors due to multiple analyses of the same genetic data. In this report, we have used genomewide significance levels associated with a single analysis but have focused our attention exclusively on chromosome 21, with the exception of the E4 variable, as noted below. In general, we recommend both careful prior selection of covariates and genomic regions for study and cautious interpretation of results.
It may be noted that, because disease duration adds considerably to the LOD score at the APP locus, even after AAO is taken into account, samples ascertained through new AD cases might not be as useful for studying the APP effect as are samples ascertained through a cohort of existing cases, even if only families with very late onset are collected. In cohort sampling, the effects of length-biased sampling would likely lead to oversampling of patients with APP-type symptoms, with respect to their incidence rates, but that would be desirable if one wished to "load" one's sample for families most likely to carry mutations in the APP region. It also should be noted that, in these data, disease duration is measured by subtracting AAO from age at last examination, if age at death is not available, and that it therefore represents disease duration until the time at most recent observation. On the other hand, age at death was available for approximately two-thirds of these patients. It is difficult to know precisely either how our quantitative measurement of disease duration is affected by the ascertainment scheme or how these results might change if age at death of all of these affected individuals were available. We rescanned the entire genome, using a linkage model that includes our E4 covariate (results not shown). Other than the APP region, no genomic locationincluding the regions on chromosomes 6, 9, 10, and 19, previously reported on the basis of these data Bertram et al. 2000; Collins et al. 2000; Myers et al. 2000) , and the region, on chromosome 12, previously reported, by Pericak-Vance et al. (1997) , for a different data set-provided even modest evidence that ASPs with fewer E4 alleles were more strongly linked than were families with more E4 alleles. On the other hand, regions on chromosomes 1p21, 2, 4, 5, 9, 14pter, 16, and 19 each showed some evidence (i.e., LOD score, for covariate effect, .74-1.94) that ASPs with more E4 alleles were more likely to be linked than were ASPs with fewer E4 alleles. These results suggest that E4 alleles may play a role in many, but not all, biological mechanisms that lead to AD.
